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Abstract The adsorption, electrokinetic, thermal and
stability properties of the silicon dioxide (silica, SiO2)/
bovine serum albumin (BSA) system were determined. All
measurements were carried out as a function of solution pH
value. The highest amount of BSA absorbed on the silica
surface was observed at pH 4.6 [the value close to the BSA
isoelectric point (pI)], which is primarily related to the
packed albumin conformation and the lack of adsorbent–
adsorbate electrostatic repulsion. At pH 4.6, largest mass
decrease was also noticed (thermogravimetric measure-
ments). At pH 3, 7.6 and 9, the adsorption levels were
much lower. This phenomenon is associated with the
electrostatic repulsion between the BSA macromolecules
and the silica particles as well as the expanded BSA
structure. During biopolymer adsorption, the whole solid
surface is coated with the albumin macromolecules. Then,
the properties of the silica particles become similar to those
of the BSA macromolecules. In the presence of albumin,
the silica pHiep point is identical to the BSA pI value. It
should also be noted that the albumin adsorption affects the
SiO2 suspension stability. The greatest change was
observed at pH 3. Under these conditions, the BSA addi-
tion causes electrosteric system stabilization.
Keywords Silica  BSA  Adsorption  Stability 
Zeta potential  Thermal analysis
Introduction
The protein adsorption on the solid surface is a very
important process in many scientific areas and indus-
tries. In medicine, it is mainly related to implantation.
The albumin adsorption on the implant surface is the
first process within the body, which occurs shortly after
its launch. The course of the above process affects the
implant fate, i.e. its acceptance or rejection [1]. Many
scientists conducted a study on the protein adsorption
on the metal oxide films, because the implants are
usually covered with them. Mineral oxide coatings are
corrosion resistant and chemically inert [2–5]. In the
food industry, the adsorption process can be used for
the protein removal from alcoholic beverages, especially
beer and wine. Effective removal of these deposits is
necessary to maintain the product quality [6, 7]. The
protein adsorption on the solid surface also plays an
important role in the environmental science. Knowing
the process mechanism, an adequate adsorbent can be
selected to allow protein removal from water and
wastewater [8]. It should be also noted that the
described phenomenon is a significant process in the
biogeochemical cycles. Binding of proteins, derived
from the organic matter decomposition, on the soil
particles may result in local poisoning [9]. Thus, given
the importance of the protein adsorption, its mechanism
as a function of various physicochemical factors should
be investigated [10–13]. In the literature, many papers
on various properties of amino acids have been also
published [14, 15].
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In this paper, the adsorption and thermal properties of
the bovine serum albumin (BSA)–silica (SiO2) were
examined. The main aim of the study was to examine the
BSA adsorption influence on electrokinetic, thermal and
stability properties of the silicon dioxide suspension. To
accomplish the above object, numerous experimental
works, i.e. spectrophotometric, turbidimetric, gravimetric,
zeta potential measurements and potentiometric titration,
were done. All works were performed as a function of the
solution pH value. Protein adsorption on the silica surface
is often described in the literature [16, 17]. However, the
combination of the biopolymer adsorption with the mineral
oxide suspension stability is rare. In addition, reports in the
literature on the protein adsorption impact on the colloidal
system stability are varied. Wells et al. [18], Allouni et al.
[19] and Vamman et al. [20] claimed that the serum protein
presence causes the increase of the mineral oxide suspen-
sion stability. On the other hand, Flynn et al. [21] observed
that the protein addition is associated with the system
stability reduction. The work undertaken allowed to see
what dependency is found in the BSA–SiO2 system. It
should be also noted that the stability measurement using a
turbidimeter is a highly innovative element of the study.
This equipment provides very accurate results in the form
of TSI (Turbiscan Stability Index) values. Thermogravi-
metric measurements described in this paper were also
made by other researchers [22–26].
BSA is a globular protein, commonly used in bio-
chemistry and molecular biology. BSA is used as an
enzyme stabilizer, the protein for the calibration curve
preparation, the protein blocking unoccupied binding sites
on the nitrocellulose (Western blot, ELISA), a nutrient in
cell culture etc. [27]. In turn, silica is a crystalline solid of
high hardness, commonly occurring in the earth’s crust as
quartz. Pure silica is used for the manufacture of quartz
glass and silicagel, which is a drying agent and the sta-
tionary phase in chromatography. In contrast, silica in the
form of sand is used in the manufacture of cement,
ceramics, water glass etc. [28, 29]. The choice of the
adsorbate and the adsorbent for the experimental work was
motivated by their extensive use in research and industry.
Materials and methods
Materials
The fumed silicon dioxide (SiO2), delivered by Sigma-
Aldrich company, was used in the experiments. The spe-
cific surface area of the adsorbent, determined by the
nitrogen adsorption–desorption method, was about
262 m2 g-1. Based on the Barret, Joyner and Halenda
(BJH) method, it was found that there are no micropores in
the SiO2 sample. The average silica particle size, measured
using a zetameter, was equal to 225 nm (Fig. 1).
Bovine serum albumin (BSA, Sigma-Aldrich) was used
as an adsorbate. This is a globular protein of 66 kDa [30].
According to the literature [31, 32], the isoelectric point
(pI) of BSA is in the range of 4.7–5. Other scientists cal-
culated that the above point of BSA is equal to 5.56 [33].
BSA is classified as ‘soft’ protein, i.e. of low internal sta-
bility [34]. It was found that at neutral pH, a-helix accounts
for 54 % and b-sheet represents about 16–18 % of the BSA
chain [35]. Then it is of heart shape [36].
Methods
All measurements were performed at 25 C using 0.01 M
NaCl as a supporting electrolyte. The adsorption, stability,
electrokinetic and thermal measurements were carried out
as a function of solution pH value (3, 4.6, 7.6 or 9).
Potentiometric titration
The potentiometric titration allowed the determination of
sign and density of the SiO2 surface charge. It was con-
ducted using the computer program ‘titr_v3’ developed by
W. Janusz, and the apparatus consists of Teflon thermo-
stated vessel, water thermostat RE 204 (Lauda), glass and
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Fig. 1 Silica particle size distribution
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240 (Radiometer), automatic microburette Dosimat 765
(Metrohm), PC and printer. In this method, the surface
charge density (r0) is determined based on the difference in
base volume added to a suspension containing a polymer
and a supporting electrolyte solution in order to achieve a
specific pH value, using the formula [37]:
r0 ¼ DV  c  F
m  Sw ; ð1Þ
where DV—the difference in base volume added to a sus-
pension and a supporting electrolyte solution that leads to
specific pH value (DV = Vs - Ve), c—the base concen-
tration, F—the Faraday constant, m—the metal oxide mass
in a suspension, Sw—the metal oxide surface area.
At first, potentiometric titration of the supporting elec-
trolyte solution was carried out. Then the SiO2–NaCl and
SiO2–BSA systems were titrated. The BSA concentration
was equal to 10, 50 or 100 ppm. The thermostated vessel
was filled with 50 cm3 of the solution and then 0.1 g of the
adsorbent was added. The suspensions were titrated with
0.1 M NaOH. The measurement started at the pH value of
approximately 3.5.
Electrokinetic potential measurements
The experiments were carried out using a zetameter Zetasizer
Nano-ZS (Malvern Instruments). The apparatus was equipped
with a titrator which allows automatic solution pH determi-
nation during the measurement. Initially, the electrokinetic
potential of SiO2 particles without BSA was measured. Then
the systems containing albumin (10, 50 or 100 ppm) were
examined. The suspensions were prepared by adding 0.01 g of
the adsorbent to the appropriate solution. Each sample was
sonicated for 3 min before the measurement.
Adsorption amount measurements
The adsorption level was determined on the basis of the
BSA concentration difference in the solution before and
after the adsorption process. The BSA concentration was
appointed spectrophotometrically (spectrophotometer UV–
Vis Cary 100, Agilent Technology) at 279 nm.
Samples were prepared by adding 0.0085 g of the
adsorbent to the appropriately prepared solutions of BSA
with the following concentrations: 50, 100, 150, 200, 300,
400 and 500 ppm. The adsorption process was conducted
for 1 h. The above time was determined based on the
kinetic measurements. After completion of the adsorption
process, the samples were centrifuged twice (4,000 rpm),
and the obtained supernatants were collected for quantifi-
cation. A single result of the BSA adsorption amount was
the average of three repetitions. The measurement error did
not exceed 5 %.
Stability measurements
The stability measurements were performed using a turbi-
dimeter Turbiscan LabExpert with a cooling module TLab
Cooling. The results were obtained in the form of the
curves of transmission and backscatter of light passing
through the sample during the measurement. What is more,
using the computer software working with the apparatus,
the Turbiscan Stability Index (TSI) values were calculated








where xi—the average backscatter for each minute of
measurement, xBS—the average xi value, n—the scans
number.
The stability of the silica suspension in the absence and
presence of BSA was measured. The samples were pre-
pared by adding 0.02 g of silica to 20 cm3 of the appro-
priate solution (supporting electrolyte or 100 ppm BSA
solution). Each suspension was sonicated for 3 min. The
albumin was added just before the measurement start. The
single measurement lasted 3 h during which the relevant
data were recorded every 5 min.
Thermal measurements
The silica and silica–BSA systems were analysed thermo-
gravimetrically using a derivathograph Q-1500D (MOM
Hungary) [38]. The results were obtained in the form of the
following curves: TG (thermogravimetric curve), DTG
(differential thermogravimetric analysis curve) and DTA
(differential thermal analysis curve). The samples were
prepared by adding 0.11 g of silica to the supporting
electrolyte or BSA solution (CBSA = 1,300 ppm). After pH
value adjustment, the suspensions were shaken for 1 h. In
the next step, the precipitate was centrifuged and dried at
room temperature. Then the samples were transferred to a
measuring chamber which was heated in the range of
20–1,000 C at a rate of 10 C per minute.
Results and discussion
The structure of the electrical double layer formed
around silica particles in the absence and presence
of BSA
The structure of the electrical double layer formed around
the silica particles in the absence and presence of BSA was
characterized by determining the surface charge density
and the zeta potential values of the solid.
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Based on the results of the potentiometric titration
(Fig. 2), it was found that the pHpzc (point of zero charge)
of the silica surface is about 3.1. This means that in a
solution of pH equal to this point, the amount of positive
(SiO2
?) and negative (SiO-) groups on the adsorbent
surface is identical. At pH above 3.1, the solid surface is
negatively charged. The presence of BSA shifts the pHpzc
value to 7.5 (regardless of the albumin concentration).
Furthermore, the interaction of BSA with the silica surface
causes a slight increase in the solid surface charge.
According to Hartvig [39], the effect of the protein
adsorption on the adsorbent surface charge density can be
calculated using the following equations:
rads ¼ zFCmaxH; ð3Þ





























where rads—the contribution of adsorption to charge den-
sity, z—the charge of adsorbed protein macromolecule,
F—the Faraday constant, Cmax—the maximum coverage of
the surface by the adsorbate, h—the fractional coverage,
pHs—pH at the surface, us—the potential at the surface,
pKai—the pKa value of the N-terminus and the side chains
of arginine, histidine and lysine of the adsorbed amino
acids, pKaj—the pKa value of the C-terminus and aspar-
tate, glutamate, cysteine and tyrosine amino acid side
chains, zAds—the charge of the interfacial groups.
Thus, the change in the surface charge density as a result
of protein adsorption depends on the amino acid sequence
and especially on the type of amino acids that are closest to
the charged solid surface during adsorption. A slight
increase in the silica surface charge in the presence of BSA
can be related to the adsorption of positively charged
macromolecules on the negatively charged solid surface.
The potentiometric titration started from pH approximately
equal to 3.5. Under these conditions, the BSA macromol-
ecules are positively charged due to protonation of the
amino groups present in the peptide chain. At higher pH
values, the surface charge increase is probably due to the
specific macromolecule orientation relative to the solid.
Electrokinetic potential measurements showed that the
pHiep of the silica particles is approximately 3.2 (Fig. 3). It
means that in a solution of pH 3.2, the concentrations of
positively and negatively charged groups in the slipping
plane are equal. At pH above this value, the negative
groups dominate in the slipping plane, whereas at lower pH
the positive ones dominate. The BSA addition moves the
pHiep towards less acidic values. The addition of 10 ppm
BSA makes the silica pHiep equal to 5.3, whereas the 50 or
100 ppm BSA added makes this point equal to 5.6. The
above values correspond to the pl value of BSA. This
means that in the BSA concentration range of 10–100 ppm,
the silica particle surface is completely covered with the
albumin macromolecules. Under these conditions, the
adsorbate masks the adsorbent charge and the silica surface
exhibits the properties typical of BSA. The described
phenomenon was also observed in the electrokinetic
study of the chromium(III) oxide suspension in the pre-
sence of BSA, HSA and OVA [40] and during the devel-
opment of a new model for the BSA adsorption on the
alumina surface based on the zeta potential and UV–Vis
measurements [33].
The BSA adsorption on the silica surface changes the
electrokinetic potential values of the solid. In the whole pH
range, in the albumin presence, the increase of zeta potential
was observed. This is primarily related to the BSA macro-
molecule charge. In the solutions of pH below the pI value,
proteins assume a positive charge due to proton attachment
to amino groups. During albumin adsorption, a certain
number of positive groups interact with the adsorbent,
whereas the remaining part is in the slipping plane contrib-
uting to an increase in the zeta potential. In the solutions of
pH above the pI value, the protein macromolecules adopt a
negative charge, which is mainly due to the proton dissoci-
ation from the carboxylic groups. The reduction of the silica
electrokinetic potential after BSA addition is the result of the
presence of negatively charged functional groups coming
from the albumin macromolecules on the slipping plane.
Figure 4 shows the most probable structure of BSA
adsorption layer at pH 3 and 7.6.
The mechanism of BSA adsorption on the silica surface
The adsorption amount of BSA on the silica surface varies
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Fig. 2 Sign and density of the silica surface charge in the absence
and presence of BSA
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amount of the albumin macromolecules gets adsorbed at
pH 4.6, i.e. in the solution of pH close to the BSA pI value.
Under these conditions, the net charge of the macromole-
cules is approximately zero—the number of their positive
and negative groups is the same. The mutual electrostatic
attraction between these groups results in closely packed
macromolecule conformation, which results in the high
adsorption level on the silica surface. At pH 4.6, the BSA
hydrodynamic radius (rh) is 3.32 nm [30], and the content
of a-helix is equal to 55 % [42]. The highly compact
structure of the adsorbate allows the adsorption of its
maximum amount on the solid surface and formation of
highly packed film.
At pH 3, 7.6 and 9, the adsorption amount was signifi-
cantly smaller compared to that at pH 4.6. This is related to
the electrostatic interactions between the solid surface and
the albumin macromolecules. Moreover, some domains in
the BSA structure are developed, which contributes to the
less packed conformation. At pH 3, the adsorption size is
higher than at pH 7.6 and 9. Under these conditions, the
BSA hydrodynamic radius is 4.31 nm [41] and the content
of a-helix is 35 % [42]. The macromolecules of such
extended conformation strongly block the access to the
adsorbent surface for other macromolecules, which
strongly reduces the adsorption amount. At pH 3, the
influence of electrostatic forces on the amount of albumin
adsorbed is not observed because under these conditions,
the adsorbent surface charge is close to 0 (pHpzc = 3.1).
At pH 7.6, the BSA adsorption amount is greater than at
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Fig. 3 Electrokinetic potential
of the silica particles in the































Fig. 5 Adsorption isotherms of BSA on the silica surface at various
pH values (CNaCl = 0.01 M, tads = 1 h)
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between the adsorbent and adsorbate occurs, which sub-
stantially impedes their mutual contact. Under these con-
ditions, the silica particles are negatively charged and the
SiO- groups dominate the surface. The BSA macromole-
cules are also negative mainly due to the dissociation of
carboxylic groups. The albumin adsorption on the silica
surface in terms of electrostatic repulsion is equivalent to
the presence of hydrogen bond in the system. These bonds
are formed in the whole examined pH range. Higher
adsorption level at pH 7.6 compared to pH 9 is a result of
different BSA conformation. At pH 7.6, the hydrodynamic
radius of the macromolecules is 3.57 nm, whereas at pH 9
it is equal to 4.1 nm [41]. Thus, at pH 9, a single macro-
molecule occupies a larger part of the solid surface than at
pH 7.6, which is reflected in lower adsorption amount.
The influence of the BSA adsorption films
on the thermal properties of silica
The gravimetric measurements provide significant informa-
tion which supplements the characteristics of the BSA
adsorption mechanism on the silica particles. The results were
obtained in the form of curves: thermogravimetric curve (TG),
differential thermogravimetric analysis curve (DTG) and
differential thermal analysis curve (DTA). The TG curve
shows the mass change during heating of the substance as a
function of temperature. The DTG curve is calculated as a
derivative of the TG curve as a function of time. The analysis
of the above curve allows the determination of the initial and
final temperatures for each process or reaction. The minimum
on this curve shows the temperature of the highest speed of the
analysed process. The DTA curve indicates the thermal
behaviour of the examined substance during the physical and
chemical changes as a function of time. It is plotted based on
the temperature difference between the examined substance
and the reference one (corundum in this experiment) which
does not undergo any physical and chemical changes during
measurement. The exothermic reaction is visible on the DTA
curve as a curved-up peak, whereas the endothermic reac-
tion—as a curved-down peak.
The obtained results for silica–NaCl and silica–NaCl–
BSA at pH 4.6 are shown in Fig. 6 and are summarized in
Table 1. Based on their analysis, it was found that the
heating process in the range of 20–900 C of the silica
samples without BSA results in two stages (Fig. 6a). The
first one, i.e. 20–200 C is associated with desorption of
water which is hygroscopically and physically adsorbed on
the silica surface. The above process is endothermic
(minimum at 86 C on the DTG curve). The second stage,
i.e. 200–900 C is associated with the desorption of
structural water resulting from silanol condensation of –OH
surface groups. The obtained results correspond with the
data published by Zaharescu et al. [43].
As a result of BSA adsorption, the thermal stability of
silica changed (Fig. 6b) and the temperatures of different
stages shifted to lower values. There are two additional
peaks on the DTG and DTA curves in the range
200–600 C corresponding with the exothermic breakdown
of BSA molecules [44, 45]. Due to protein adsorption, its
structure is partially denatured and this structure is identi-
cal to the thermally denatured form [46, 47]. The first peak
in the range of 300–321 C on the DTA curve is associated
with the removal of weakly bound BSA molecules from the
surface of the adsorbent (van der Waals forces) and the
second one in the range of 457–527 C—with the
decomposition of protein molecules strongly associated
with the surface (electrostatic interactions) [48].
The highest mass difference between the samples of
silica–NaCl and silica–NaCl–BSA was observed at pH 4.6
(6 %). It is associated with the maximum adsorption of
BSA on the silica surface. At pH 3, 7.6 and 9, the mass
differences were lower and equal to 3–4 %.
The influence of BSA adsorption on the silica
suspension stability
The results of the stability measurements were obtained in
the form of curves of light transmission and backscatter.
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Fig. 6 Thermogravimetric curves for systems: a silica, b silica–BSA
at pH 4.6
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system stability. In turn, low transmission and high back-
scatter level are characteristic of the high stability sus-
pension. By analysing the distances between the curves, it
is possible to determine the dynamics of the processes
occurring in the sample. A large distance between the
curves shows a low suspension stability and thus the high-
speed particle migration as well as rapid sedimentation. In
contrast, coverage of the individual curves demonstrates a
high system stability and a much lower rate of particle
sedimentation. The silica suspension stability was also
evaluated based on the TSI (Turbiscan Stability Index)
values (Table 2). This index is the average of processes
occurring in the studied systems. The smaller the TSI
value, the more stable the suspension is.
The silica suspension in the absence of albumin has a
relatively low stability at pH 3 and 4.6 (the TSI values are
35.68 and 31.81, respectively). In these two cases, a low
system stability is related to the zero adsorbent surface
charge and the silica electrokinetic potential close to 0. An
equal number of SiO2
? and SiO- groups on the solid sur-
face makes particles neutral to each other. Additionally, the
similarity of concentrations of positively and negatively
charged groups in the slipping plane is equivalent to the
absence of electrostatic repulsion between the particles.
The above phenomena allow the formation of solid
aggregates of considerable sizes.
At pH 7.6 and 9, the silica suspension without albumin
has a high stability (TSI = 3.77 and 3.03, respectively).
Under these conditions, the electrostatic system stabiliza-
tion occurs, which is provided by the negative zeta
potential values (-32 and -38 mV). Each negatively
charged particle is surrounded by a diffusion layer of
positive ions from the supporting electrolyte (Na?), which
prevents particle collision and aggregate formation.
The BSA addition affects the silica suspension stability in
a different way, depending on the solution pH value. The
biggest change in the system stability as a result of the
albumin adsorption was observed at pH 3 (TSI value changed
from 35.68 to 1.05). Under these conditions, strong system
stabilization occurs, which is evidenced by the overlapping
of the curves in the graphs showing transmission and back-
scatter of light passing through the sample during the mea-
surement (Fig. 7a). For comparison, the mutual distance of
the curves obtained in the albumin absence is clear (Fig. 7b).
Based on the results of zeta potential measurements, it was
found that during BSA adsorption, a whole solid surface is
coated with the albumin macromolecules and then the solid
surface properties are similar to those of the albumin. At pH
3, the BSA macromolecules are positively charged and thus
electrosteric system stabilization is most likely under these
conditions. It arises from the mutual repulsion of adsorption
films formed on the silica surface as well as the mutual
repulsion of positive charges of the BSA macromolecules. In
this situation, solid aggregate formation is practically
impossible. Strong stabilization by the BSA adsorption was
also observed at pH 7.6 and 9 (TSI = 1.54 and 1.95,
respectively). Under these conditions, the adsorption layers
of negative macromolecules are formed on the silica surface
and as a result, the particles also repel electrosterically.
At pH 4.6, the presence of albumin reduces the silica
suspension stability (TSI = 43.06). In this case, the BSA









Silica 92 ; 5 2 2 9
Silica–BSA 76/321/515 ;, : 4 5 4 13
pH 4.6
Silica 86 ; 5 2 2 9
Silica–BSA 75/313/527 ;, : 3 7 5 15
pH 7.6
Silica 89 ; 5 1 2 8
Silica–BSA 78/300/490 ;, : 4 5 3 12
pH 9
Silica 87 ; 5 4 – 9
Silica–BSA 87/308/457 ;, : 5 5 3 13
Table 2 TSI values for the silica suspension in the absence and
presence of BSA (100 ppm) calculated using Eq. 2
System TSI
pH 3 pH 4.6 pH 7.6 pH 9
Silica 35.68 31.81 3.77 3.03
Silica–BSA 1.05 43.06 1.54 1.95
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macromolecules adsorbed on the solid surface have a net
charge close to zero, which is dictated by their pI point.
Thus, there are no electrostatic repulsion forces in the
system that hinder the particle contact.
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Fig. 7 Transmission and backscatter curves for the systems: a silica, b silica-BSA at pH 3
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